T H E ULTRASTRUCTURE OF L E I S H M A N I A DONOVAN1
The structure of the intracellular forin of Leishmania donovani as seen by the light microscope consists of a nucleus and usually a rod-like kinetoplast (Wenyon, 1926) within a homogeneous mass of cytoplasm, while the extracellular or culture form has, in addition to these structures, an anterior flagellum. The intracellular form is usually round or ovoid measuring 2 4 microns; the extracellular form measures about 14-20 microns in length and from 1.5-3.5 microns in breadth. Because of the small dimensions of the protozoan parasite and the limited resolution of the light microscope, relatively little information is available on its fundamental organization. With the great resolving power of the electron microscope, several workers have attempted to study its ultrastructure with this instrument. The studies of Emmel, Jakob and Golz (1942) , Sen Gupta et d. (1951 ), Das Gupta et al. (1954 of this species, and Lofgren (1950) of Leishmania tropica using electron microscopy of the culture forms have failed to yield new information on the fine internal morphology because the parasites were examined as whole specimens. The thickness of the specimens does not allow for adequate electron beam penetration, and the parasites appear as dense masses. In this study however, this problem is eliminated by the use of thin sectioning. Fine structural detail is observed in these preparations in both the extra-and intracellular forms. The accumulation of structural knowledge may enable us to understand the relationship of host cells and leishmania ; i.e., the biology of this intracellular parasitism.
This paper presents only a few observations of this host-parasite relationship and further work is necessary to make a thorough study of this problem.
MATERIALS AND METHODS
Intracellular parasites were obtained from infected hamster spleen and the extracellular forms from NIH diphasic medium cultures. The culture forms were washed in Geys' salt solution (Gey and Gey, 1936) before fixation. The culture forn~s and infected spleen material were fixed in 1% veronal-buffered osmium tetraoxide, p H 7.2-7.4 (Palade, 1952) , dehydrated by a graded series of ethyl alcohol and embedded in a partially polymerized mixture of one part of methyl to four parts of butyl methacrylate. The embeddings were incubated in the oven overnight at 45 degrees centigrade, sectioned with glass knives on a Servall microtome, mounted on screen and examined in a RCA, Model E M U electron microscope.
OBSERVATIONS

Intracellular Form
The three leishman bodies shown in Figs. 2, 3 and 4 consist of three serial sections of the same three parasites within the cytoplasm of the host cell in hamster spleen. These three parasites are lying in close proximity to the nucleus of the host cell and will hereafter be referred to as Leishmania A, B and C. Leishmania A. Fig. 2 shows a leishman body with a cell membrane which is distinct from the cytoplasm of the host cell. A t this level of sectioning, the leishman body reveals the following structures : 1) A nucleus with fine, granular nucleoplasm surrounded by a nuclear membrane. The nucleoplasm is a homogeneous mass with a clear vacuole on one side. No evidence of a nucleolus or karyosome is recognized in this body. 2 ) A dense ring with a hollow center whose structure and relationship will be clearly revealed in Figs. 3 and 4 as the axoneme of the reduced flagellum.
3) Three dense, structureless droplets, unequal in size, are tentatively regarded as fat bodies. Droplets similar to these have been described in Try~anosoma cruzi Leishmania A. Fig. 2 represents a cross section at the level which corresponds to the junction of two adjacent coils of the sheath. The amount of protoplasm enclosed by the sheath membrane is therefore reduced to a minimum making it barely visible. Enclosed within the sheath is the dense axoneme, which appears as a dense ring in cross section. Figs. 3 and 4 are serial sections distal to the basal granule. Fig. 3 shows a cross section of the axoneme and one coil of the sheath. Fig. 4 shows the cross section of the axoneme and two opposite coils of the sheath, one on each side of the axoneme which appears as one continuous circular tube.
Leishmania B. Figs. 2 and 3 are sections below the level of the basal granule. In Fig. 4 , a small portion of the basal granule is sectioned giving the semi-circular appearance.
Leishmania C. Figs. 2 and 3 represent cross sections of the basal granule in the transitional region from which the extended flagellum arises. Fig. 4 represents the first cross section of the flagellum immediate to the basal granule.
The three leishman bodies represent three different levels of sectioning through the cell. The presence and absence of certain structures in certain cells would be very difficult to interpret without the aid of serial sections.
by Meyer and Porter (1954) , and they found that the content of t1.1esc 1,oclies could be removed by xylene. 4 ) Vacuoles of various sizes are visible in the fine granular cytoplasm. These vacuoles are distributed at random throughout the cell.
In Fig. 3 , a follow-up on the continuity of the structures described in Fig. 2 reveals the following changes : 1) The nucleus shows up more clearly with a double membrane enclosing the nucleoplasm. The nucleoplasm is finely granular and "patchy," and lying in an eccentric position is an aggregate of densely packed, rather homogeneous granules which is considered to be the nucleolus or karyosome. The structure of nucleoli has been studied by Borysko and Bang (1951) . They found a wide variety of forms; included was a homogeneous nucleolus of an eildothelial cell which resembled that observed in Leishmania donovani.
2) The dense ring with the hollow center (axoneme) is still present; however, in addition to this structure, there is another less dense granular ring partially surrounding the axoneme. This is analogous to the sheath of several protozoan flagella described by Brown (1945) and of Trypanoso~wa cruai by Meyer and Porter (1954) .
3) The three dense droplets are still present and they are lying in the same relative positions within the leishman body. 4) Vacuoles of various size are still seen and are distributed at random throughout the cytoplasl~~. Fig. 4 shows a very interesting developn~ent of two iiuportant structures of the organism. 1) The nucleus has a nucleolus within it. The nucleoplasm is finely granular and aggregates of nucleoplasm originating from the central nucleolus form a linear, ray-like pattern within the nucleus. 2) The dense ring structure (axoneme) now has a central body within it. This central body is very similar to the internal filaments of several cilia types studied by Fawcett and Porter (1954) . The sheath with its well defined membrane encircling the entire axonetne is a coiled structure. The transition of the varying size and thickness of the sheath may be clarified in the diagrammatic interpretation shown in Fig. 1 . 3) Only two of the fat droplets are present. 4) The cytoplasmic vacuoles appear as described above.
Leishmania B. I n Fig. 2 this cell consists of a nucleus without a nucleolus and four fat droplets. The cytoplasm is a homogeneous mass of fine granules enclosed in a double membrane. The outer membrane seems to be a smooth layer, but the inner layer seems to be composed of evenly-spaced fine ridges. Fig. 5 shows this structure very clearly. Fig. 3 shows a similar picture of all structures as described in Fig. 2 . Fig. 4 shows changes and addition of structures described in Figs. 2 and 3. The nucleus now has an eccentrically located nucleolus, which appears as a dense homogeneous structure composed of fine granules. There is a semicircular ring with less dense cytoplasm distinct from the cell cytoplasm. There is the appearance of a structure not observed in the cells described above. A reconstruction of the flagellum structure, Fig. 1 , and an electron micrograph of a longitudinal section of the extended flagellum of a leptomonad form indicates the relationship of such a structure. This structure is a section of the base of the basal granule. Fat bodies and vacuoles are present in the cell cytoplasm. The double membrane with a ridged inner surface is still evident here.
Leishmania C. I n Fig. 2 , two prominent ovoid structures almost equal in size are clearly seen in this cell. Although both these structures are composed of fine granular substance, they are distinctly different from each other. One of them is easily recognized as the nucleus and the other is identified as the basal granule from which the flagellum arises. Each has its own distinct membrane. The nucleus shows a denser nucleoplasm at the periphery of the nuclear membrane than in the central area and there is no evidence of a nucleolus at this level. One dense fat body and several small vacuoles are scattered throughout the cytoplasm. The cell membrane is a double one.
In Fig. 3 , the dimensions of the cell nucleus and basal granule are increased. The nucleoplasm is denser and the fine granules are evenly distributed throughout, but there is still no evidence of a nucleolus. The granules in the basal granule are very sharp and distinct; they are centrally located and spread out as a band on the long axis of the basal granule.
In Fig. 4 , the structures in the cell show a marked change froin the previous series. The'nucleus has a fairly hon~ogeneous nucleoplasm and a faint indication that a very small portion of the nucleolus is present. The basal granule is no longer seen; in its place the dense ring of the axoneme is completely surrounded by a sheath. The flagellar structure has arisen from the basal granule. Again, reference to Fig. 1 will clarify the reconstruction of the basal granule-flagellum relationship. Vacuoles of various sizes are seen throughout the cytoplasm. The single fat droplet in Fig. 2 and 3 is no longer visible; instead, one new droplet may be located near the nucleus. The double meinbrane which surrounds the cell seems to be separated at one end of the cell: the inner layer still surrounds the usual dense cytoplasm of the cell; the outer layer seems to extend at one end of the cell and encloses a relatively clear cytoplasm. This phenomenon has been observed among other leishman bodies; Fig. 6 illustrates another such observation. The significance of this clear area is not apparent. Further study is necessary to clarify these random observations. Fig. 7 shows two leptoinonad forms cut at different angles. The cell above shows a rounded basal granule which becomes constricted at one end to give rise to the flagellum. The flagellum consists of a cylindrical tube-like axoneme which extends beyond the cell membrane as a free flagellum. A central filament within the axoneme begins at a short distance froin the basal granule and continues along with the axoneme. Surrounding the axoneme is a loosely coiled sheath which begins at the base of the axoneme and continues throughout its entire length. The cytoplasm is granular and there is no evidence of fat bodies or vacuoles. The nucleus is not visible because of the level of the section.
Extracellular Form
The cell below is a longitudinal section. The cytoplasm is granular and homogeneous throughout the cell. Within this cell are the nucleus, the basal granule, axoneme and sheath. The nucleus has a nuclear membrane and within it is a dense, homogeneous nucleolus. The basal granule is a rounded body, and within it is a band of uniform short filaments at right angles to the axoneme. The significance of this band is obscure. The axoneme and sheath are present but only to the edge of the cell membrane; the free end of the flagellum has been deleted at this level of sectioning.
The evidence of "cell wall" with fine, longitudinal striations in Leishmania tropica described by Lofgren (1954) , the sub-pellicle fibers or striations over the body surface of Trypanosoma cruzi described by Meyer and Porter (1954) and the myoneme fibrils of Leishnzania donovani noted by Das Gupta et al. (1954) are not clearly indicated in this electron micrograph, probably because the techniques employed by these workers were different from those eillployed here.
DISCUSSION
The technique of thin sectioning of Leishn$ania donovani for electron microscopy has revealed some details of morphology not obtainable by the whole-mount techniques employed by previous workers. No drastic treatiment of specimens by acid hydrolysis (Das Gupta et al., 1954) or by osinotic rupture by distilled water (Lofgren, 1950) were used in this study. Thus, artefacts have been minimized.
Since the structures of the leishillan body and the leptoinonad forin are siiuilar, the morphology of these structures inay be compared.
In the Protozoa, the limiting layer which gives the organisin its shape has been variously called the pellicle or periplast. I t may be smooth or ridged. In the studies of several flagellates by electron microscopy, Saxe (1947) described the "spiral striations of the pellicle" in Euglena gracilis. Lofgren (1950) described "the cell wall of the Leishmania cells possessed fine, longitudinal striations." Kleinschmidt and Kinder (1950) found fibrillar structure of the periplast in Trypanosoma lewsi and Trypanosoma brucei. Kraneveld, Houwink and Keidal (1951) found that the periplast contains longitudinal and nearly parallel fibrils in Trypanosoma evansi. Wolken and Palade (1953) reported a ridged pellicle of Euglena gracilis. Meyer and Porter (1954) observed a body nlembrane with fibrils in the cytoplasm just beneath the meinbrane in Trypanosmza cruzi. Das Gupta et al. (1954) described "longitudinal myoneme fibrils arranged in interconnecting bundles in the periplast" of Leishmania donovarzi. These observations on the fibrillar nature of the cell meinbrane in a variety of flagellates indicate a close similarity of the cell membrane structure among them, whether they be free-living or parasitic. Most of thse observations were made on whole specimens, and in the observation of sectioned material by Wolken and Palade (1953) , the ridged pellicle of Euglena was like a "scalloped" edge on the outside of the cell membrane. The observations of the intracellular ph,ase of Leishmania donovani in the present study reveal a double cell meinbrane, with a smooth layer on the outside and a finely ridged surface in the inner layer. This conforills with the description given by Meyer and Porter (1954) of Trypanoso+$za cruzi.
The nuclei of Protozoa, like other types of cell nuclei, are bounded by distinct nuclear membranes. The workers using whole mount technique have provided little or no information on the structure of the nucleus because the organisms are usually too dense for adequate electron bean1 penetration. By using the HCl hydrolysis technique on Leishmania donovani; Das Gupta et al. (1954) obtained electron micrographs showing an oval body that is less dense than the rest of the cytoplasm. A small dark body within the nucleus is presumed to be the karyosome. Sectioned material provides a much clearer picture of this structure. The study of Toxoplasma by Gustafson et al. (1954) shows the nuclei in a variety of shapes, but all show a consistent dense inass within the nucleus. The present study of Leishmania donovani confirms the presence of the nuclear menlbrane; and in optimum sections, a double nuclear membrane may be seen. Within the resting nucleus, a karyosome may be seen. The absence of the karyosome in some cells is n10st probably due to the level of sectioning.
Many studies have been made on the flagellar structure in parasitic and freeliving flagellates. All reveal the same basic structure, consisting of an internal axoneme and a sheath surrounding it. Brown (1945) , in study of various flagella, found that the axoneine was composed of fibrils. He was uncertain as to the number which constitute an axoneme. Saxe (1947) also reported a number of longitudinal components in the axoneme of Euglena gracilis. Lofgren (1950) in a study of Leishmania tropica, Kleinschmidt and Kinder (1950) in studies of Trypanoso~?za Zewsi and Trypanoso~~za brucei, and Kleinschmidt and Schleich (1951) in studies of Trypanosowza brucei, reported that the axoneme was composed of fibrillae. No mention was made of the number which make up the axoneme. There are other workers who give numerical counts on the fibrils constituting the axoneme. The numbers vary because each study was of a different flagellate. Whether this is a true difference between species is difficult to evaluate at this time. Until improvements in techniques allow good, clearcut electron micrographs, we cannot establish whether the fibrils which constitute an axoneme have a basic number or vary with the organism. Examples of this controversy will be presented as follows: Kraneveld et al. (1951) reported nine parallel isodiainetric fibrils in the axoneme of T r ypanoso$$za evansi, Wolken and Palade (1953) found eleven elementary filaments in Euglena and Poteriochromonas in their axonemata. Meyer and Porter (1954) found five or nine fibrils in the axoneme of Trypanoso~iza cruzi. Das Gupta et al. (1954) found a maxiinuin of nine fibrils in Leishvrzania donovani. In the present study of Leish~nania donovani, the fibrillar structure is confirmed; however, the exact number is not readily counted. The fact remains that the axoneme is made up of fibrils.
Besides the fibrillar axoneine of flagellates, studies of Schmitt, Hall and Jakus (1943) and Schmitt (1944) show that sperm tails 'and cilia have similar ultrastructure. Their observations showed the presence of subfibrils regarded as the axoneme, which were in turn surrounded by a sheath. The sheath bounded the subfibrils in a tightly coiled helix. Similar regular banded structure was found in the shaft portion of Paramecium caudatum. More recently, Fawcett and Porter (1954) confirmed the same basic structures in the cilia of epithelial cells froin mollusc, amphibia, mouse and man.
The sheath always surrounded the axoneine in all the studies mentioned above of flagellates. A helix was the common description of its structure. Some workers just mention a membranous sheath surrounding the axoneme. This study of Leishmania donovani shows a loosely coiled sheath, (Fig. 7) . This would appear to be similar to the coiled fiber sheath described by Brown (1945) ; however, a reconstruction of the sheath structure from the serial cross sections proves this is not so of Leishmania donovani. Instead, it is more like a coiled band of protoplasm bounded by a thin membrane. The diagrammatic reconstruction (Fig. 1 ) from the serial sections shows this interpretation.
Not to be dissociated from the flagellum proper, is the basal granule. This structure has been referred to by other names such as the basal body, basal corpuscle, blepharoplast, kinetonucleus, kinetoplast and others. Early workers observed a dense body which was always more or less closely associated with the flagellum. Some observers have reported that this structure has often been associated with another granule and may be regarded as a parabasal body. Chemical studies conducted on flagellates have shown Feulgen-positive material in these granules; this has led workers to regard this as a second nuclear structure.
At the present time, very little information is available on the structure of the ' basal granule as revealed by electron microscopy. The difficulty lies in the limited techniques which have been used to reveal the internal structure of flagellates. The thin sectioning technique for electron inicroscopy has been very useful in revealing structures not encountered before, but, at the same time, new problenls of interpretation and identification are created. Spherical bodies in cells showing no other structural detail than a nucleus have been labelled as the blepharoplast (Meyer and Porter, 1954) or the blepharoplast and parabasal bodies (Das Gupta et al.,  1954) . These descriptions show no relationship to other structures in the cell. Kleinschmidt and Schleich (1951) state that the flagellum does not take its origin from the blepharoplast or the basal granule. Wolken and Palade (1953) , studying sectioned material of Poteriochromonas, show the basal body at the base of the flagellum.
A cross banding was observed in the basal granule of the flagellate form in this study. What its relationship is to the basal granule or flagellum is not clear. Descriptions of structures resembling this cross banding have been observed in other flagellates. Kraneveld et al. (1951) found a "collar like" structure at the base of the flagellum of Trypanosoma evansi and they think that this structure is in all probability identical to the "ring-like" structure at the base of the axoneme of Leishmania tropica described by Lofgren (1950) .
Besides the basal granule of the flagellates, there is a similar structure at the base of the cilium. Fawcett and Porter (1954) in studies of various ciliated epithelia, found two different basic types among them: (1) A separate basal corpuscle and cilium structure lield together by cell o r ciliary membranes (found in the mollusc and amphibia). (2) A continuous basal corpuscle and ciliuiil structure (found in mammals). The basal granule-flagellum component in Leishnzania donovani observed in this study is similar to the type found in mammals. The cross banding observed in the flagellates may be similar to the periodic cross banding in the basal corpuscle at the cilium in Anodonta described by Worley, Fischbein and Shapiro (1953) . The validity of this structure is denied by Fawcett and Porter (1954) . This does not seem to be an artefact since Lofgren (1950) saw this by phase microscopy. As yet, there is no proof that these are the same structures and further work would be required to settle this controversy.
The cytoplasmic inclusions found in Leishmania donovani are those commonly found in other types of cells; namely, fine granules, vacuoles of various sizes, osmophilic droplets and mitochondria ( 7). The components of the osmophilic droplets have not been definitely established. Meyer and Porter (1954) found that the contents of the osmophilic droplets of Trypanoso~aa cruzi could be dissolved by xylene. This would suggest the lipoidal nature of these droplets. In this study of Leishmania donovani, the number and size of these droplets varies from cell to cell. They are not found in some sections. This may be due to the level of sectioning, or, the cell does not have any. As yet, experiments have not been carried out to determine whether these droplets are really fat. However, Read and Chang (1955) made observations by light microscopy on tissue cultures on chicken macrophages infected with Leishmafzia donovani from culture. Using Sudan I11 to demonstate fats in infected and uninfected macrophages, they found that the infected macrophages possess smaller fat droplets and the staining intensity was reduced when compared with the uninfected macrophages. What this means in terms of host-parasite relationship would invite further study.
Small bodies in the cytoplasin may be mitochondria, but their internal structure is not clear enough to label them as such. SUMMARY 1. The ultrastructure of the intra-and extracellular phases of Leishf3aania donovani have been studied by the use of thin sectioning and electron microscopy. Fine structural details revealed here have not been observed by previous workers using the whole-mount technique. 2. The intracellular phase or the leishman body found within the hainster spleen cell possesses the following structures : a ) A limiting, double cell inembrane which is distinct from the cytoplasin of the host cell: A smooth outer layer and a ridged inner layer. b) A sillooth double nuclear inembrane enclosing the finely granular nucleoplasm. In some sections, a hoinogeneous nucleolus or karyosome may be seen within the nucleus. c) A reduced flagellull? consisting of a fibrillar axoneme surrounded by a coiled band (not coiled rope as described by others) of protoplasm of the flagellar sheath. d ) A rounded basal granule located at the proximal end of the flagellum. e) Cytoplasmic inclusions similar to those found in other types of cells: Fine granules, vacuoles of various sizes, osmophilic droplets and mitochondria ( ?). The con~ponents of the osinophilic droplets have not been established.
3.
The extracellular phase or the leptomonad form shom~s slight modification of some of the structures described for the intracellular phase, as follows:
a ) The cell membrane is a smooth layer without an inner ridged layer. The longitudinal striations on the body surface observed by other workers in whole-mount specimens (not observed in this phase) have been discussed.
b) The flagellum extends beyond the cell membrane as a free flagellum. The fibrillar axoneme is evident; a loosely coiled band (the protoplasmic sheath) surrounding it begins at the base of the axoneme and continues throughout its entire length.
c) The basal granule has within it a cross banding whose significance is . obscure.
d ) Osmophilic droplets were not seen in the specimens studied. Whether this is a true absence of them in this phase of their life cycle is difficult to evaluate at this time. 4. It is concluded froin these observations that the intra-and extracellular phases of the parasite possess the same basic structures. 
